Graphical Abstract Highlights d Chemotherapy depletes oligodendrocyte lineage (OL) cells in humans d Methotrexate chemotherapy disrupts OL dynamics, myelin, and cognition in mice d Methotrexate induces chronic microglial activation and astrocyte reactivity d Microglial depletion rescues glial cell dysregulation and cognitive deficits
INTRODUCTION
Chemotherapy causes a syndrome of neurological dysfunction characterized by impaired attention, speed of information pro-cessing, multitasking, and fine motor and executive function (Bisen-Hersh et al., 2013; Gibson and Monje, 2012; Green et al., 2013) . The consequences of this syndrome, also called chemotherapy-related cognitive impairment (CRCI) or colloquially known as ''chemobrain,'' can be debilitating (Ellenberg et al., 2009 ). This post-chemotherapy neurological syndrome is well described across numerous populations treated for various adult and pediatric cancers and is particularly prominent when chemotherapeutic regimens include anti-metabolite agents, such as methotrexate (MTX) (Aukema et al., 2009; Gibson and Monje, 2012; Pierson et al., 2016) . Although the incidence, severity, and duration of CRCI varies across patient populations and chemotherapeutic regimens, CRCI affects the majority of people treated for cancer, with some studies reporting long-term cognitive dysfunction in over three quarters of patients (reviewed in Wefel and Schagen [2012] ). Currently, 15.5 million cancer survivors live in the United States alone, and this number is projected to increase to 20.3 million by 2026 (American Cancer Society, 2016) . Thus, CRCI represents a major source of morbidity during and after cancer therapy and a great unmet need to be addressed (Horowitz et al., 2018) .
The lasting neurological impact of cancer therapy on survivors, especially of childhood cancer, is not surprising in light of the protracted period of human postnatal neurodevelopment and ongoing cellular neuroplasticity. Myelination, the generation of oligodendrocytes by proliferating oligodendrocyte precursor cells (OPCs) and the formation of the insulating myelin sheath by oligodendrocytes, extends over more than three decades of life (Benes, 1989; Lebel et al., 2012; Yakovlev, 1967) and continues well into adulthood as a form of neuroplasticity (Gibson et al., 2014; McKenzie et al., 2014; Mitew et al., 2018) . The constellation of symptoms associated with chemotherapy exposure largely localize to white matter, which is chiefly comprised of myelinated axons. Agents that can, in severe cases, cause clinically evident white matter injury, such as MTX, are particularly associated with long-term neurological deficits (Anderson et al., 2000; Han et al., 2008; Moore et al., 1992; Morioka et al., 2013; Pierson et al., 2016; Winocur et al., 2006) .
The mechanisms mediating CRCI have been incompletely understood. Proliferative neural precursor cell populations are sensitive to chemotherapeutic agents (Dietrich et al., 2006; Hyrien et al., 2010; Morris et al., 1995) . One robustly cycling population, OPCs (Dawson et al., 2003; Geha et al., 2010) , is particularly sensitive to chemotherapeutic agents (Dietrich et al., 2006; Han et al., 2008) . However, OPCs rapidly reconstitute to maintain strictly regulated homeostatic population levels in the healthy brain (A) Representative photomicrographs of Olig2 + (brown) cells in frontal lobe white matter of a 3-year-old child exposed to chemotherapy and a non-chemotherapy exposed, age-matched control subject. (B) Chemotherapy exposure selectively depletes Olig2 + cells in frontal lobe white matter (p = 0.0211; n = 4), but not in gray matter (p = 0.0913; n = 4). (C) Frontal lobe Olig2 + cells throughout early life and young adulthood following chemotherapy treatment, compared to age-matched controls. (D) Confocal photomicrographs of PDGFRa + /NG2 + cells in the frontal lobe subcortical white matter of a 10-year-old male who received no chemotherapy (left) and a 3-year-old male treated with high-dose methotrexate (MTX) chemotherapy (right). Data shown as mean ± SEM. n.s. = p > 0.05; *p < 0.05 by paired t test; n = 4/group. Scale bars, 20 mm. See also Table S1 . (Hughes et al., 2013) . The long-term effects of chemotherapy on oligodendroglial lineage cell dynamics and myelination remain poorly understood. We hypothesized that long-term OPC population dysregulation or depletion could underlie chemotherapyassociated white matter dysfunction and the associated neurological sequelae of chemotherapy exposure.
RESULTS
Altered Oligodendrocyte Lineage Cell Dynamics in Children and in Young Adults Exposed to Chemotherapy To determine whether chemotherapy treatment alters human oligodendrocyte lineage cell populations, we examined post-mortem frontal lobe tissue of children and young adults treated with multi-agent chemotherapy in comparison to agematched control subjects with no history of chemotherapy ( Figure 1A ; Table S1 ). We found that human oligodendrocyte lineage cells, identified by Olig2 expression, are depleted in subjects with a history of chemotherapy exposure (control: 14,893 ± 2,063 cells/mm 3 vs. chemo: 4,150 ± 876 cells/mm 3 ). This decrease in Olig2 + cell density is largely accounted for by deficits in subcortical white matter Olig2 + cells ( Figure 1B) . In contrast, gray matter Olig2 + cells are relatively preserved ( Figure 1B ). In the frontal subcortical white matter of subjects with chemotherapy exposure, Olig2 + oligodendroglial lineage cell density is markedly lower compared to age-matched control subjects with no chemotherapy exposure (Figures 1B and 1C) . The aforementioned human samples represent archival formalin-fixed, paraffin-embedded human brain specimens amenable to light microscopy. To assess the effects of chemotherapy on oligodendroglial lineage cells using higher-resolution confocal microscopy, we prospectively collected a frontal lobe sample at the time of autopsy from a 3-year-old child treated with a high-dose methotrexate (MTX) chemotherapy regimen (as per protocol SJYC07 [Robinson et al., 2018] with a peak serum MTX measured at 82 mM). When compared to that of a 10-year-old child who received no chemotherapy, the frontal subcortical white matter of the child treated with high-dose MTX exhibited stark depletion of PDGFRa + /NG2 + OPCs ( Figure 1D ). (A) Schematic illustration of juvenile MTX exposure paradigm and area of the premotor (M2) circuit analyzed (shaded in gray). (B) Total cell density of newly proliferated EdU + / PDGFRa + cells at P63 in the corpus callosum of mice exposed to PBS vehicle or MTX on P21, 28, and 35 and injected with 40 mg/kg of EdU on P61, 62, and 63 (p = 0.0465; n = 4 mice/group). (C) Schematic illustration of oligodendrocyte lineage cells. OPCs express PDGFRa and begin to express the transcription factor Olig1 in a nuclear and then perinuclear pattern as they progress through differentiation. As differentiation completes, mature, myelinating oligodendrocytes express the marker CC1. (D-F) Effect of MTX exposure on OPCs (D; PDGFRa + cells, p < 0.0001), PDGFRa + /Olig1 + late OPCs (E; p = 0.0003), and CC1 + mature oligodendrocytes (F; p < 0.0001) in the corpus callosum at P63 (n = 8 PBS vehicle control mice BS and n = 7 MTX mice). (G-I) Representative confocal photomicrographs of PDGFRa + OPC (G), PDGFRa + /Olig1 + cells (H), and CC1 + mature oligodendrocyte (I).
(J-L) Mice (n = 6 PBS; n = 7 MTX) exposed to juvenile chemotherapy were allowed to age 6 months (P203) post-treatment. MTX-exposed mice exhibit a decrease in white matter OPC cell density (J; p = 0.002) and CC1 + oligodendrocytes (L; p = 0.008) with an increase in late OPCs (K; p = 0.003). Data shown as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001 by unpaired two-tailed Student's t test. Scale bar, 10 mm. See also Figures S1 and S2.
Methotrexate Exposure Disrupts Oligodendroglial Lineage Cell Dynamics
To further elucidate the effect of chemotherapy exposure on myelin-forming cells, we developed a mouse model of juvenile high-dose MTX exposure to mimic the histological and functional deficits observed in children after chemotherapy ( Figure 2A ) (Aukema et al., 2009; Gibson and Monje, 2012) . MTX was administered intraperitoneally (i.p.) at 100 mg/kg weekly for 3 consecutive weeks to mice (starting at P21; Figure 2A ). To validate that 100 mg/kg MTX recapitulates the concentrations observed in clinical regimens (Bratlid and Moe, 1978) , we used liquid chromatography-tandem mass spectrometry (LC-MS/ MS) to assess the concentration of MTX in serum, brain, kidney, and liver 30 min following a single 100 mg/kg injection. We found serum concentrations of MTX in our mouse model (118 ± 13 mM) within the range of those measured in children following highdose MTX administration (80-400 mM; Figure S1A ). MTX can directly affect cell viability, so we assessed the IC 50 of MTX for a variety of cell types. The MTX IC 50 of mouse PDGFRa + OPCs (Figures S1B and S1C; 0.14 mM at 24-hr) and mouse neural precursor cells ( Figure S1F ) is within the concentration range achieved in the brain (Figure S1A; 0.68 mM) using our dosage paradigm. By comparison, the MTX IC 50 of pediatric brain tumor cultures that do not respond to MTX treatment (Figures S1D and S1E) are unaffected by clinically relevant MTX concentrations. Given the demonstrated concentration of MTX achieved in brain and the OPC IC 50 , the number of surviving OPCs would be expected to rapidly repopulate the brain to normal numbers in the absence of other pathophysiology (Hughes et al., 2013) .
To ascertain whether chemotherapy treatment affected OPC proliferation in vivo, we treated mice with MTX or PBS starting at P21 ( Figure 2A ) and then administered the thymidine analog EdU daily from P61-63 to mark newly proliferating cell populations 1 month after the termination of treatment. The number of newly proliferated EdU + /PDGFRa + OPCs was decreased in the corpus callosum of MTX-exposed mice compared to PBS controls ( Figure 2B ), although the percentage of OPCs proliferating at this time did not differ (PBS: 12.1% ± 1.4% vs. MTX: 11.34% ± 2.95%; p = 0.85). Similar to the decreased oligodendroglial cell density found in the human frontal lobe, mice exhibit deficits in the total density of frontal OPCs (PDGFRa + /Olig1 À cells). This decrease is predominately driven by deficits in white matter (corpus callosum; 8,618 ± 469 cells/mm 3 vs. 3,181 ± 259 cells/mm 3 in control or MTX-treated mice, respectively; Figures 2C, 2D, 2G, and S2A) and deep cortical gray matter OPCs (Figure S2B) with preservation of superficial cortical gray matter OPCs in the premotor cortex ( Figure S2C ). Concomitant with the observed decrease in white matter OPCs, MTX-exposed mice exhibited an increase in PDGFRa + /Olig1 + cells of intermediate differentiation that we will henceforth call ''late OPCs'' (Figures 2C, 2E, and 2H ). Here we have used Olig1 expression to distinguish earlier OPCs from more differentiated OPCs that co-express Olig1 in a nuclear pattern; if all PDGFRa + cells irrespective of differentiation state are considered together, a substantial reduction in total OPC density remains evident (PBS: 10,986 ± 619 cells/mm 3 vs. MTX: 7,798 ± 338 cells/mm 3 , p < 0.0008). The observed increased OPC differentiation appears incomplete as the density of CC1 + and perinuclear Olig1 + mature oligodendrocytes in the corpus callosum is significantly decreased following MTX chemotherapy treatment (Figures 2C, 2F, 2I, and S2D) . While we observed a significant increase in apoptotic cells, as identified by cleaved caspase-3 24hr following a single MTX injection, levels of apoptosis were drastically reduced 4 weeks following MTX and none of the identified apoptotic cells co-expressed PDGFRa at the 4-week time point (Figures S2E and S2F) . Thus, in contrast to the expected homeostatic behavior of healthy OPCs (Hughes et al., 2013) , the white matter OPC population does not repopulate to normal levels following MTX chemotherapy exposure due in part to decreased OPC proliferation and increased OPC differentiation, but not attributable to ongoing OPC apoptosis.
Because many cancer patients report cognitive deficits following chemotherapy that can persist for years after the termination of treatment (Aukema et al., 2009; Pierson et al., 2016) , we followed a cohort of mice that were treated with MTX or PBS vehicle for 6 months following the end of treatment (P203). Similar to the 4-week time point (P63), at P203 mice exposed to juvenile MTX exhibit decreases in PDGFRa + OPCs ( Figure 2J ) and CC1 + mature oligodendrocytes ( Figure 2L ) with concomitant increases in PDGFRa + /Olig1 + late OPCs ( Figure 2K ) compared to controls. Thus, oligodendroglial lineage dynamics are consistently perturbed for at least 6 months following MTX chemotherapy.
Juvenile Chemotherapy Exposure Disrupts Myelination and Behavioral Function
Standard neuroimaging of patients who are experiencing chemotherapy-related neurological impairments typically exhibit no evidence of overt demyelination. Concordantly, we found that gross myelin appearance in the corpus callosum following MTX exposure remained intact as assessed by the presence and distribution of myelin basic protein (MBP; Figures 3A, 3B , S3A, and S3B). Corpus callosum volume was unchanged between PBSand MTX-treated mice, indicating that the observed changes in OPC density were not a result of altered volume of the corpus callosum ( Figure 3C ). However, using transmission electron microscopy (TEM) to evaluate myelin microstructure, we observed a substantial decrease in myelin sheath thickness as indicated by an increased g-ratio of projections to corpus callosum at the level of the cingulum in MTX-exposed mice at 4 weeks following treatment compared to vehicle controls (g-ratio = diameter of axon/ diameter of entire fiber; PBS; 0.746 ± 0.0049; MTX: 0.801 ± 0.00785; Figures 3D-3G and S3C). Axons of all caliber exhibited decreased myelin thickness in mice at both 4 weeks ( Figure 3G ) and 6 months (Figures 3H, 3I, and S3G) following MTX exposure. These data indicate that MTX chemotherapy is associated with lasting changes to myelin microstructure.
The dysregulation of OPC lineage dynamics and myelination in this mouse model are accompanied by behavioral deficits characteristic of chemotherapy sequelae, including decrements in motor function (Green et al., 2013) . Forepaw swing speed, a measure of limb movement speed sensitive to alterations in the motor system broadly, is modulated by changes in myelin microstructure in the premotor circuit (Gibson et al., 2014) . Forepaw swing speed was decreased in MTX-exposed mice 4 weeks following chemotherapy treatment (101.6 ± 4.6 cm/s vs. 74.4 ± 7.8 cm/s; Figure S3D ). Other parameters of gait, such as stride length, were not altered ( Figure S3E ). Anxiety, a neuropsychiatric symptom associated with chemotherapy exposure (Bray et al., 2017) , was also evident in this model. MTX-exposed mice spent less time in the middle of an open field than PBS vehicle-treated controls ( Figure S3F ). The hallmark neurological symptoms following chemotherapy treatment are cognitive deficits (Bisen-Hersh et al., 2013; Seigers et al., 2009; Winocur et al., 2006; Zhou et al., 2016) , especially those associated with attentionbased tasks (Pierson et al., 2016) . To determine whether cognitive behavior was compromised following juvenile chemotherapy treatment, we assessed attention and short-term memory using a modified novel object recognition task (NORT) 4 weeks after MTX treatment in which we shortened the time between the training and testing phases to skew the test toward attentional function. Both PBS-and MTX-exposed mice explored the objects an equivalent amount of time during the training phase ( Figure 3J ). During the testing phase, the control animals exhibited a preference toward the novel object, whereas MTX-treated mice did not discern between the two objects (Figure 3K) . At P203, mice exposed to juvenile MTX continued to exhibit deficits in the ability to discriminate between the novel Figure 3 . Persistent Myelin and Neurological Deficits following Juvenile Chemotherapy Exposure (A and B) Confocal photomicrographs of myelin basic protein (MBP) in PBS- (A) and MTX-exposed (B) mouse brains (coronal sections). (C) Corpus callosum volume of P63 mice exposed to PBS or MTX (p = 0.592; n = 5 PBS vehicle control mice; n = 4 MTX-exposed mice) (D) Schematic illustration of the premotor cortex and subcortical projections, indicating the region assessed at the level of the cingulum using transmission electron microscopy (TEM; red box). (E) Representative TEM images of premotor (M2) projections in PBS-and MTX-exposed mice. Scale bar, 2 mm. (F) Scatterplots of g-ratio as a function of axon diameter of M2 projections at P63 (PBS: g-ratio 0.7464 ± 0.0049, n = 5 mice; MTX: g-ratio 0.801 ± 0.00785, n = 8 mice; p = 0.0003). (G) The increase in g-ratio in MTX-exposed mice compared to PBS-exposed mice at P63 occurs in small (< 0.5 mm; p < 0.0001), medium (0.5-1.0 mm; p = 0.0097), and large (> 1.0 mm; p = 0.0220) caliber axons. n = 5 PBS mice; n = 8 MTX mice. (H) Scatterplots of g-ratio as a function of axon diameter of M2 projections at P203 (PBS: g-ratio 0.7073 ± 0.0037, n = 4 mice; MTX: g-ratio 0.7697 ± 0.0073, n = 4 mice; p = 0.0003). (I) The increase in g-ratio in MTX-compared to PBS-exposed mice at P203 occurs in small (< 0.5 mm; p < 0.0001), medium (0.5-1.0 mm; p < 0.0001), and large (> 1.0 mm; p = 0.0188) caliber axons. n = 4 mice PBS; n = 4 mice MTX. (J) P63 PBS-and MTX-exposed mice spent equivalent amounts of time exploring object 1 and object 2 during the training phase of NORT (PBS: p = 0.59, n = 9 mice; MTX: p = 0.58, n = 7 mice). (K) During the testing phase of NORT, PBSexposed mice spent significantly more time exploring the novel object compared to the familiar object (p = 0.004), whereas MTX-exposed mice did not discriminate between the objects (p = 0.18). (L and M) P203 PBS-and MTX-exposed mice spent equivalent amounts of time exploring object 1 and object 2 during the training phase of NORT (L; PBS: p = 0.45, n = 4; MTX: p = 0.69, n = 7) but during the testing phase (M), PBS-exposed mice spent significantly more time exploring the novel compared to the familiar object (p = 0.047), whereas the MTX-exposed mice did not discriminate between the objects (p = 0.62). Data shown as mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. p > 0.05 by unpaired two-tailed Student's t test. See also Figure S3 . and familiar objects at 6 months posttreatment, consistent with a persistent cognitive deficit following MTX exposure ( Figures 3L and 3M ). Collectively, these data demonstrate that this mouse model exhibits behavioral deficits similar to the symptoms humans experience after chemotherapy.
Perturbations of the Gliogenic Microenvironment
Persist Long After Exposure to Methotrexate Next, we tested the extent to which the changes in oligodendroglial lineage dynamics reflect microenvironmental alterations after MTX. Chemotherapy-naive PDGFRa + cells isolated by fluorescence-activated cell sorting (FACS) from GFP + transgenic mice were transplanted into the cingulum of the corpus callosum of P63 mice previously treated with MTX or PBS vehicle (Figures 4A and 4B) . The sorted population of GFP + /PDGFRa + cells obtained had a purity of 98%, with little contamination by other cell types, including Iba1 + microglia ( Figure S4 ). Analysis of the transplanted GFP + cells at 10 days following transplantation revealed that 84% ± 6.4% remained PDGFRa + OPCs in PBSexposed mice, while only 45.5% ± 7.7% remained OPCs in the brains of mice previously exposed to MTX (%GFP + /PDGFRa + : p = 0.0117). An equivalent proportion of GFP + cells represented late OPCs (%GFP + /PDGFRa + /Olig1 nuclear ) at this time point in both PBS-and MTX-exposed brains, with significantly more GFP + cells differentiating into perinuclear Olig1 + oligodendrocytes in mice exposed to MTX (%GFP + /Olig1 perinuclear ; Figure 4C) . These data reveal that MTX chemotherapy exerts sustained changes to the gliogenic microenvironment that foster OPC differentiation. While increased OPC differentiation of the transplanted cells at this time point can be attributed to microenvironmental changes induced by MTX, the transplanted OPCs did not exhibit a blockade in full oligodendrocyte maturation. One interpretation is that the deficit in full oligodendrocyte maturation exhibited by endogenous OPCs reflects changes induced by either exposure to the MTX-altered microenvironment from the time of initial drug treatment and/or previous direct MTX toxicity.
Chemotherapy-Induced Activation of White Matter Microglia
Previous work has shown that disruptions in the microenvironment, including neuroinflammatory microglia, can alter precursor cell populations (Briones and Woods, 2014; Monje et al., 2002 Monje et al., , 2003 Seigers et al., 2009 ). To investigate this possibility following chemotherapy exposure, we analyzed microglial populations in our juvenile MTX exposure model. We found that activated CD68 + /Iba1 + microglia are increased in the white matter (PBS: 3,242 ± 474 cells/mm 3 vs. MTX: 6,504 ± 529 cells/mm 3 ), but not the gray matter of the premotor circuit at P63 in MTX-treated mice compared to vehicle controls (Figures 5A, 5B, and 5D ). This chemotherapy-induced increase in white matter microglial activation persisted at least 6 months after MTX ( Figure 5C ). To confirm the activation state of microglia 4 weeks after the cessation of chemotherapy treatment, we sorted Iba1 + microglia by FACS from frontal deep cortex and corpus callosum of P63 mice that were previously exposed to PBS or MTX. MTX-exposed microglia expressed increased levels of activation gene transcripts, as determined by microfluidic qPCR ( Figure 5E ). We then isolated microglia from P5 animals and exposed them in vitro to 0.68 mM of MTX for 24 hr to determine whether MTX directly regulated microglial activation. MTX-treated microglia exhibited increased activation compared to PBS control-treated microglia ( Figure 5F ), indicating a direct mechanism of neuroinflammatory microglial activation by MTX.
Activated Microglia Induce Reactivity in Astrocytes following Methotrexate Exposure
Recent work has shown that activated microglia can induce reactivity in astrocytes and may be associated with long-term deficits in some neurological diseases .
To determine whether the persistent MTX-induced microglial activation resulted in astrocyte reactivity, we first exposed astrocytes in vitro to physiologically relevant concentrations of MTX for 24 hr ( Figure S1A ). MTX, even at high concentrations (1.36 mM), did not directly induce reactivity of astrocytes in vitro ( Figure 6A ). However, when we induced reactivity in microglia in vitro through MTX exposure and placed the PDGFRa, red; Olig1, white). Scale bar, 20 mm. (C) Syngeneic transplantation of GFP + /PDGFRa + cells into previously MTX-(n = 3 mice) or PBSexposed (n = 4 mice) corpus callosi. Percentage of cells GFP + /PDGFRa + (p = 0.01167), GFP + / PDGFRa + /Olig1 nuclear (p = 0.259), and GFP + / Olig1 perinuclear oligodendrocytes (p = 0.00295) in MTX-and PBS-exposed mice 10 days posttransplantation. Data shown as mean ± SEM; unpaired two-tailed Student's t test. See also Figure S4 .
conditioned medium from these MTX-induced activated microglia (MTX-MCM) on astrocytes for 24 hr, we initiated broad reactivity of astrocytes compared to PBS vehicle-treated medium. This astrocyte reactive phenotype was not constrained to a single subtype of reactive response (A1 or A2; Zamanian et al., 2012) ( Figure 6A ). Next, we investigated the reactive state of astrocytes from our mouse model. ALDH1L1::eGFP astrocyte reporter mice (Yang et al., 2011) were treated with MTX or PBS as above. At P63, we sorted astrocytes from frontal deep cortex and corpus callosum by FACS. Astrocytes exposed to MTX in vivo exhibited increased reactivity as indicated by an upregulation of pan-reactive (upregulated in both A1 and A2 astrocytes) and A2-specific but not A1-specific genes ( Figure 6B ).
Microglial Depletion Reverses the Deleterious Effects of Chemotherapy-Induced Glial Dysregulation
Next, we aimed to determine whether activated microglia are necessary for MTX chemotherapy-induced alterations to oligodendrocyte lineage cell dynamics and function. Mice underwent the same juvenile chemotherapy treatment paradigm Figure 5 . Chronic Microglial Activation Is Secondary to MTX Exposure (A-C) Activation of microglia (CD68 + /Iba1 + ) following chemotherapy exposure in the superficial cortical gray matter (A; p = 0.2570) and corpus callosum (B; p = 0.0018) at P63 (n = 5 mice/group) and P203 (C; p = 0.01; n = 7 mice/group). Data shown as mean ± SEM. *p < 0.05; **p < 0.01; n.s. p > 0.05 by unpaired two-tailed Student's t test. (D) Confocal photomicrographs of CD68 + /Iba1 + activated microglia in the corpus callosum at P63 (Iba1, red; CD68, green; DAPI, white). Scale bar, 50 mm. (E) Iba + microglia were isolated using FACS at P63 from frontal deep cortex and corpus callosum of previously PBS-or MTX-exposed mice (n = 2-6 mice/condition/sort). Heatmap of activated transcripts indicate a significant increase in activation following MTX exposure (p < 0.0001). (F) Immunopanned microglia exposed to 0.68 mM of MTX for 24 hr in vitro indicate significant activation compared to vehicle control (p < 0.0001). All experiments analyzed by two-way ANOVA with Tukey post hoc tests and performed with n = 3 biological replicates (E and F) . See also Table S2. described above, and at P38 half of the MTX-and PBS-exposed mice received chow containing PLX5622, a small-molecule compound that inhibits colonystimulating factor 1 receptor (CSF1R), required for microglial survival. The other half received control chow ( Figure 7A ). PLX5622 administration has been shown to significantly deplete microglia within 7 days (Dagher et al., 2015; Elmore et al., 2014) . As expected, the MTXexposed mice exhibited an increase in Iba1 + microglia compared to PBS-treated controls ( Figure 7C ) when fed control chow. Both MTX-and PBS-exposed cohorts that received PLX5622 chow for the 26 days following treatment exhibited a 70%-80% reduction in Iba1 + microglia in the corpus callosum compared to animals fed control chow (Figures 7B and 7C) .
To determine whether astrocyte reactivity due to MTXinduced microglial activation is normalized with microglial depletion, pan-astrocyte reactivity in PBS-and MTX-exposed mice with and without PLX5622 treatment was assessed using RNAScope for the pan-reactive marker Cxcl10 and the astrocytic marker Glast. Following MTX exposure, we found a significant increase in the percentage of Glast + astrocytes with high numbers of Cxcl10 puncta (>8 puncta/cell) in MTX-exposed compared to PBS-exposed mice (27.2% ± 6.5% vs. 1.49% ± 0.24%; Figures 7D and S5A ). The percentage of reactive astrocytes is substantially reduced when microglia are depleted following MTX exposure (9.17% ± 2.7%; Figures 7D and S5A) , indicating that microglial depletion can reduce astrocyte reactivity following chemotherapy.
Similarly, treatment with PLX5622 normalized the MTXinduced decrease in PDGFRa + OPC density (PBS-control 10,221 ± 1,446 cells/mm 3 vs. MTX-PLX5622 11,113 ± 351 cells/mm 3 , p = 0.9996) and increase in PDGFRa + /Olig1 + late OPCs (PBS-control 2,083 ± 367 cells/mm 3 vs. MTX-PLX5622 2,930 ± 746 cells/mm 3 , p = 0.5437) to levels seen in PBS control animals ( Figure 7E ). Microglial depletion also partially restored CC1 + oligodendrocyte density compared to MTX-control levels ( Figure 7E ). Taken together, these data reveal that MTX chemotherapy-induced microglial activation is necessary for persistent alterations to oligodendrocyte lineage cell populations following chemotherapy exposure.
To determine whether depletion of microglia can rescue chemotherapy-induced myelin deficits, PBS-or MTX-exposed animals were fed control or PLX5622 chow from P38-63 and sacrificed for analysis using TEM at P63. Microglial depletion following chemotherapy treatment normalized overall myelin sheath thickness in MTX-exposed/PLX5622-treated mice to control levels ( Figures 7F-7I ). The normalization of myelin sheath thickness to PBS-control levels occurred in small, medium, and large caliber axons ( Figure S5B ). The average axon diameter did not differ between groups ( Figure S5C ).
To evaluate possible functional consequences of microglial depletion in MTX-exposed mice, we assessed cognitive behavior at P63 using the modified NORT described above . As above, MTX-exposed mice fed control chow, allowing for persistent microglial activation, exhibited an inability to discriminate between the novel and familiar objects during the testing phase ( Figure 7K ). In contrast, microglial depletion with PLX5622 in MTX-exposed mice rescued this chemotherapy-induced behavioral deficit ( Figure 7K ). Taken together, Figure 6 . Chemotherapy-Exposed Activated Microglia Induce Astrocyte Reactivity (A and B) Heatmaps depicting mRNA expression levels of actrocyte reactivity gene transcripts. (A) Immunopanned astrocytes directly exposed to high (1.36 mM) concentrations of MTX in vitro do not become reactive, but when exposed to conditioned medium from MTX-induced activated microglia (0.68 mM MTX-MCM) astrocytes become broadly reactive compared to PBS vehicleexposed controls (Pan-reactive genes (black bar), p = 0.0004; A1-specific genes (red bar), p = 0.0193; A2-specific genes (green bar), p = 0.0144). (B) Astrocytes were isolated using FACS from ALDH1L1::eGFP mice at P63 that were previously exposed to PBS or MTX in the juvenile period. MTX exposure results in broad astrocyte reactivity compared to PBS exposure (n = 4-5 mice/condition/sort; pan-reactive, p = 0.0011; A1, p = 0.075; A2, p = 0.0097). All experiments analyzed by two-way ANOVA with Tukey post hoc tests and performed with n = 3 biological replicates. See also Table S2. these data indicate that microglial activation is necessary for the persistent dysregulation of oligodendrocyte lineage cells, myelin, and astrocytes as well as the behavioral deficits observed following MTX chemotherapy exposure.
DISCUSSION

Dysregulation of the OPC Population in White Matter Diseases
While previous work has demonstrated broad neural precursor cell population sensitivity to chemotherapy exposure (Dietrich et al., 2006; Han et al., 2008; Hyrien et al., 2010; Morris et al., 1995) , this lasting depletion of the OPC population after MTX chemotherapy was unexpected; OPCs typically maintain a precise homeostatic density and can rapidly repopulate after injury (Baxi et al., 2017; Hughes et al., 2013) . The inability of the residual OPC population to replenish to normal levels suggests a long-term dysregulation of OPC homeostasis in the postchemotherapy microenvironment. Typically, MTX is cleared from CSF by 72 hr after administration (Bratlid and Moe, 1978) ; however, the possibility that very low levels remain in tissue long-term cannot be completely excluded. While the inability of the OPC population to recover following MTX chemotherapy was surprising, the differential response to chemotherapy between gray and white matter OPCs supports an emerging principle of glial heterogeneity in the healthy and diseased brain (Baxi et al., 2017; Viganò et al., 2013) . The functional consequences of the observed accumulation of intermediate oligodendrocyte progenitors following MTX exposure is highlighted by the continued decrement in mature, myelinating oligodendrocytes at both one and 6 months after treatment. This blockade of full differentiation mirrors dysregulation of OPC differentiation in white matter lesions associated with multiple sclerosis (MS; for review, see Confocal photomicrographs of Iba1 + microglia in the corpus callosum of PBS-exposed mice fed control or PLX5622 chow. Scale bar, 50 mm. (C) Iba1 + microglia are decreased by 70%-80% in PBS and MTX mice following 26 days of PLX5622 (PBS-control n = 3 vs. MTX-control n = 4; p = 0.0092; PBScontrol vs. PBS-PLX5622 n = 5 mice/group; p < 0.0001; MTX-control vs. MTX-PLX5622 n = 5; p < 0.0001) by two-way ANOVA with Tukey post hoc analyses. (D) Microglial depletion normalizes the percentage of Glast + astrocytes with high expression levels, measured by mRNA puncta, of the pan-reactive gene Cxcl10 in MTX-compared to PBS-exposed mice (PBS-control n = 3 vs. MTX-control n = 3, p = 0.0053; MTX-control vs. MTX-PLX5622 n = 6, p = 0.0207; PBS-control vs. PBS-PLX5622 n = 3; p = 0.28). (E) Microglial depletion increases OPC (p = 0.0002) and mature oligodendrocyte (p = 0.0106) but decreases late OPC (p = 0.0174) cell density in MTX mice fed PLX5622 chow compared to MTX mice fed control chow. The CC1 + mature oligodendrocyte population is partially recovered to PBS levels (p = 0.0128) by oneway ANOVA. PBS-control n = 3 mice; MTX-control n = 4 mice; PBS-PLX5622 and MTX-PLX5622 n = 5 mice/group. (F) Representative TEM images of cortical projections to corpus callosum at the level of the cingulum in PBS and MTX mice treated with control chow. Scale bar, 2 mm. (G) Scatterplots of individual axons as a function of axon diameter for PBS and MTX mice fed control chow. g-ratio: PBS-control (n = 3) 0.7151 ± 0.014; MTX-control (n =3) 0.7953 ± 0.015, p = 0.0014. (H) Representative TEM images of cortical projections to corpus callosum at the level of the cingulum in PBS and MTX mice treated with PLX5622 chow. Scale bar, 2 mm. (I) Scatterplots of individual axons as a function of axon diameter for PBS and MTX mice fed PLX5622 chow. PBS-PLX5622 (n = 4) 0.7331 ± 0.0035; MTX-PLX5622 (n = 3) 0.735 ± 0.0023, p > 0.05; MTX-control vs. MTX-PLX5622 p = 0.0089. (J and K) Novel Object Recognition Test (NORT) in PBS-or MTX-exposed mice at P63 following treatment with control or PLX5622 chow. (J) During the NORT training phase, mice spent equivalent time exploring object 1 and object 2, regardless of juvenile chemotherapy treatment or post-treatment microglial state; PBS-control (n = 5), p = 0.057; MTX-control (n = 3), p = 0.32; PBS-PLX5622 (n = 3), p = 0.10; MTX-PLX5622 (n = 5), p = 0.08. (K) During the testing phase, PBS-control (p = 0.02), PBS-PLX5622 (p = 0.027), and MTX-PLX5622 (p = 0.047) mice explored the novel object significantly more than the familiar object, whereas MTX-control mice (p = 0.59) did not discriminate between the novel and familiar objects. Data are shown as the mean ± SEM. *p < 0.05; **p < 0.01; ***p < 0.001; n.s. p > 0.05. Two-way ANOVA with Tukey post hoc tests (C, D, G, I) , one-way ANOVA with Tukey post hoc tests (E),unpaired, two-tailed Student's t test (J, K). See also Figure S5 . Miron et al. [2011] ). OPCs transplanted to the brains of previously MTX-exposed mice exhibit a similar increase in OPC differentiation, but unlike resident OPCs these transplanted cells continue through the maturation process. Full maturation of the transplanted, chemotherapy-naive OPCs suggests that the chemotherapy-induced blockade of full differentiation exhibited by endogenous cells may be due to cell-intrinsic changes following MTX treatment and/or more extensive exposure to the MTXaltered microenvironment from the time of the initial insult. The partial rescue of normal oligodendrocyte numbers and rescue of myelin microstructure following a period of microglial depletion underscores the importance of the microenvironmental perturbations after MTX. The mechanism(s) mediating the inability of OPCs to fully differentiate into mature oligodendrocytes in neuroinflammatory disease states, such as CRCI and MS, remain a pressing question in the field.
Oligodendrocyte Dynamics in Health and in Disease
Adult-born, mature oligodendrocytes exhibit lasting stability throughout much of the lifespan of healthy animals (Hill et al., 2018; Hughes et al., 2018; Tripathi et al., 2017) . This protracted survival of mature oligodendrocytes results in a dramatic cellular accumulation throughout adulthood thought to contribute to ongoing changes in myelin microstructure (Tripathi et al., 2017) . The production of new oligodendrocytes is required for learning new motor skills during adulthood (McKenzie et al., 2014; Xiao et al., 2016) , and plasticity of myelin may contribute more broadly to learning and cognition (for discussion, see Mount and Monje [2017] ). The persistent chemotherapy-induced decrement in myelinating oligodendrocytes and associated behavioral deficits further underscores the importance of maintaining proper oligodendroglial dynamics to support healthy neurological functioning.
Neuroinflammatory Microglia Disrupt Precursor Cell Populations
The persistent disruption of the gliogenic microenvironment following MTX exposure is concordant with a developing principle of cancer therapy-induced neural precursor cell dysfunction (Gibson and Monje, 2012) . Cranial radiation decreases hippocampal neurogenesis (Monje et al., 2002 (Monje et al., , 2007 Parent et al., 1999) by inducing chronic microglial inflammation (Monje et al., 2003) . MTX chemotherapy exposure has been previously shown to increase microglial inflammation in adult rats (Seigers et al., 2010) , which we have demonstrated in this murine model to be largely restricted to the white matter. The regional heterogeneity observed in microglial responses to MTX chemotherapy are consistent with our understanding of regional heterogeneity in microglia throughout the brain (Hagemeyer et al., 2017; Grabert et al., 2016) . Long-term microglial inflammation following chemotherapy treatment may vary among agents, as microglial activation has been described following exposure to some chemotherapeutic agents, such as MTX (Seigers et al., 2010) and carboplatin (Acharya et al., 2015) , but not with others, such as cisplatin and 5-FU (Han et al., 2008; Zhou et al., 2016) . Thus, while the neurotoxic pathophysiology of many commonly used cancer therapies, such as radiation and MTX, include a central role for activated microglia, it is important to note that diverse cancer therapies will involve a range of pathophysiological mechanisms.
Microglial depletion strategies to address cancer therapyassociated cognitive impairment will need to be carefully studied in a tumor-specific fashion. Ideal timing of microglial depletion, whether during or following completion of cancer therapy, may vary with unique pathophysiology of specific tumor types. Microglia and macrophages are important components of the tumor microenvironment, and tumor-associated macrophages play complex roles in cancer pathophysiology and therapy, particularly in the context of immunotherapeutic strategies (Lin et al., 2018; Pyonteck et al., 2013; Quail et al., 2016) .
Microglia Influence Neural Cell Populations in Health and in Disease
Microglial interactions with neural cell populations are important to neurodevelopment and homeostasis in health (Bialas and Stevens, 2013; Schafer et al., 2012) and are key cellular mediators of neural dysfunction in disease . In prenatal and early postnatal development, loss of microglia disrupts neural precursor cell fate choice, with increases in neurons and astrocytes and decreases in oligodendroglial cell populations (Erblich et al., 2011) . Microglia regulate early postnatal myelinogenesis and oligodendroglial cell density in a white matter-specific manner and continue to influence OPC population maintenance in the healthy brain during adulthood (Hagemeyer et al., 2017; Janova et al., 2018) . Here, our finding that MTX chemotherapy-induced microglial inflammation is central to the disruption of glial cell homeostasis after chemotherapy exposure is consistent with an emerging role for microglia in a range of nervous system diseases associated with myelin dysfunction, including catatonia (Janova et al., 2018) , Alzheimer's disease (Dagher et al., 2015) , and multiple sclerosis (Zrzavy et al., 2017) . In support of the data presented here, previous work has shown that the chemotherapy drug combination of cyclophosphomide, MTX, and 5-FU (CMF) induces elevated inflammatory cytokines in the brains of aged rats that correlate with behavioral and myelin deficits (Briones and Woods, 2014) .
Recently, neuroinflammatory microglia were shown to induce astrocyte reactivity. This reactivity can subsequently cause neuronal and oligodendrocyte cell death, as well as inhibit oligodendroglial differentiation . Consistently, we find that the ongoing neuroinflammatory microglial response following MTX chemotherapy exposure induces astrocytic reactivity. The persistent decrement in mature oligodendrocytes observed following chemotherapy exposure may therefore be a result of both incomplete OPC differentiation as well as reactive astrocyte-induced oligodendrocyte death. Microglia may thus influence oligodendroglial lineage cell function directly (Hagemeyer et al., 2017; Miron et al., 2013) or indirectly through neurotoxic astrocyte activation , illustrating a complex balance between these glial populations.
In addition to the demonstrated changes in microglial-macroglial interactions, the interplay between neurons and glia following chemotherapy exposure remains to be fully determined. Chemotherapy exposure is associated with decreased dendritic spines and neuronal arborizations (Zhou et al., 2016) , although the relationship to microglial pathology has not yet been explored. In addition to neurotoxic influences of activated astrocytes on mature neurons , proinflammatory astrocytes have also recently been shown to decrease hippocampal neurogenesis (Garber et al., 2018) . Healthy hippocampal astrocytes influence long-term potentiation of synaptic activity and memory allocation (Adamsky et al., 2018) , and the extent to which astrocytic contributions to cognition are disrupted by proinflammatory activation following MTX chemotherapy is unknown. Alterations in the ability of oligodendroglia to metabolically support axons (Simons and Nave, 2015) following chemotherapy exposure also remain to be elucidated. Collectively, these studies suggest complex cellular interactions are central to changes in brain structure and function following chemotherapy.
Conclusions
Here we show that the persistence of methotrexate chemotherapy-related cognitive impairment is associated with tri-glial dysfunction of oligodendrocyte lineage cells, astrocytes, and microglia. Activation of microglia is necessary for this cellular and functional dysregulation. The complex interplay between glia underscores the importance of these cells in a range of pathologies. As microglial activation is necessary for this dysregulation, these findings suggest a potential therapeutic approach relying on CSF1R inhibitors, such as PLX5622, and similar agents currently in clinical trials for other indications. This work presents a promising therapeutic avenue to ameliorate the long-term neurological consequences of chemotherapy exposure, a debilitating syndrome that affects a great number of cancer survivors.
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EXPERIMENTAL MODEL AND SUBJECT DETAILS
Human tissue analyses Human samples were collected as part of a routine autopsy protocol from a standardized location of frontal cortex/subcortical white matter in individuals treated with multi-agent chemotherapy during childhood/young adulthood and from age-matched, non-chemotherapy exposed control cases. No cases received cerebral radiotherapy. Samples were obtained in collaboration with the Department of Pathology at Stanford University (see Table S1 ). FFPE samples were stained immunohistochemically according to standard procedures on paraffin embedded sections (5 mm) (Monje et al., 2011) . A control stain of Nestin was used to ensure quality of tissue samples. The following antibodies were used: Olig-2 (1:100, Cell Marque, 387M-16) and Nestin (1:20000, Millipore, MAB5326). For each sample, 200X frames were captured using a Nikon Eclipse E1000 microscope with a SPOT Flex camera in both gray matter and white matter regions, for a total of 10 images/case. The total density of Olig2 + cells was determined by extrapolating number of Olig2 + cells by the total volume of tissue assessed. For fluorescent immunohistochemistry, frontal lobe samples from both cases were obtained as part of a rapid autopsy protocol for tumor tissue donation, fixed in 4% paraformadehyde and embedded in 30% sucrose. Tissue was then sectioned at 40 mm and processed for confocal microscopy as described below. Tissue was processed with goat anti-PDGFRa (1:250, R&D Systems, AF1062) and rabbit anti-NG2 (1:200, Sigma, HPA002951) and imaged at 400X using a Zeiss LSM 700. All human tissue studies were performed with informed consent and in accordance with Institutional Review Board (IRB)approved protocols.
Mouse Maintenance
Wild-type CD57BL/6 mice (Charles River) were bred with CD1 mice (Charles River) for all experiments unless otherwise noted. All animals were housed in a 12-hour light:dark cycle with ad libitum access to food and water. Animals were housed 2-5 per cage. Both sexes were used equally for all studies. No animals were manipulated other than as reported for that experimental group, i.e., there was no history of drug exposures, surgeries or behavioral testing for the animals used other than that reported for the given experimental group. All procedures were performed in accordance with guidelines set in place by the Stanford University Institutional Care and Use Committee. hybridization. Z stacks were acquired for three counting frames throughout the corpus callosum of the frontal cortex and a maximum intensity image was generated for each image. The number of Cxcl10 puncta per Glast + cell was quantified by a blind rater for each image. Those Glast + astrocytes with more than 8 Cxcl10 puncta/cell were considered pan-reactive.
Confocal imaging
For fluorescent immunohistochemistry, two representative sections, one anterior and one posterior to the formation of the genu of the corpus callosum were selected for each animal. Z stacks were acquired using a Zeiss LSM 700 or LSM 800 for five counting frames taken at 200X (320 mm x 320 mm frame) between the two sections and a maximum intensity image was generated for each image. For each section, a superficial frame was captured to include layers I and II of the premotor cortex (M2) and a deep cortical frame was captured to include layers V and VI of the premotor cortex. For the white matter quantification, each section was imaged at the cingulum of the corpus callosum and half-way to midline within the corpus callosum. The posterior section included a frame taken at the genu of the corpus callosum.
Volume measures
Estimated volume measurements for the corpus callosum were obtained using the Cavalieri Estimator function on a MBF Bioscience StereoInvestigator version 11.01.2. A 1:6 series of coronal brain sections were stained with MBP antibody (myelin basic protein). Using the 10X objective, the Cavalieri Estimator probe was used to trace the corpus callosum; the boundaries were determined using published mouse anatomical guides. A total of 13 sections were analyzed per treatment group.
Electron microscopy
Four weeks (P63) or 6 months (P203) after the cessation of treatment, mice were sacrificed by transcardial perfusion with Karnovsky's fixative: 2% glutaraldehyde (EMS 16000) and 4% paraformaldehyde (EMS 15700) in 0.1M sodium cacodylate (EMS 12300), pH 7.4. Region containing premotor cortex (M2) and projections to the corpus callosum was resected from the brain and post-fixed in Karnovsky's fixative for at least 2 weeks. Transmission electron microscopy was performed in the region of the M2 subcortical fibers as they leave cortical layer VI and enter the corpus callosum. The samples were then post-fixed in 1% osmium tetroxide (EMS 19100) for 1 hr at room temperature, washed 3 times with ultrafiltered water, then en bloc stained for 2 hr at room temperature. Samples were then dehydrated in graded ethanol (50%, 75%, and 95%) for 15 min each at 4 C; the samples were then allowed to equilibrate to room temperature and were rinsed in 100% ethanol 2 times, followed by acetonitrile for 15 min. Samples were infiltrated with EMbed-812 resin (EMS 14120) mixed 1:1 with acetonitrile for 2 hr followed by 2:1 EMbed-812:acetonitrile for 2 hr. The samples were then placed into EMbed-812 for 2 hr, then placed into TAAB capsules filled with fresh resin, which were then placed into a 65 C oven overnight. Sections were taken between 75 and 90 nm on a Leica Ultracut S (Leica, Wetzlar, Germany) and mounted on Formvar/carbon coated slot grids (EMS FCF2010-Cu) or 100 mesh Cu grids (EMS FCF100-Cu). Grids were contrast stained for 30 s in 3.5% uranyl acetate in 50% acetone followed by staining in 0.2% lead citrate for 30 s. Samples were imaged using a JEOL JEM-1400 TEM at 120kV and images were collected using a Gatan Orius digital camera. With experimenters blinded to sample identity and condition, axons were analyzed for g-ratios calculated by dividing the axonal diameter by the corresponding axonalplus-sheath diameter (diameter of axon/diameter of axon + myelin sheath) at 4000X using ImageJ software. For each animal, approximately 100 axons were scored. Statistics for g-ratios were calculated on a per animal basis.
IC 50 Testing 96 well plates (Corning Life Sciences, Corning, NY) were coated with 50 mL of PLL (Poly-L-Lysine, 10 mg/mL, Sigma-Aldrich, St. Louis, MO) for 30 min, and then rinsed 3 times with PBS, each rinse at least 5 min in duration. After the last rinse with PBS, the plates were stored in the incubator at 37 C for at least 3 hr. Cells were plated at concentration of 5000 cells/well in 100 mL of their respective medium. Triplicates for each concentration of MTX (diluted in cell medium appropriate for each cell line) from 10 mM of MTX to 10 pM (decreasing in concentration by an order of magnitude for every triplicate), were tested to best determine the IC 50 for each cell line. The cells were then incubated for 24 or 48 hr at 37 C. CellTiter-Glo reagent (Promega, G9243) was added at a 1:1 ratio (100 mL) and allowed to incubate for 10 min at room temperature before measuring luminescence using a plate reader (Thermoscientic Varioskan LUX multimode microplate reader). Average luminescence for each cell line at every concentration of MTX tested was normalized to the controls (no MTX exposure (positive control) and no cells plated (negative control)). Using this procedure, it was possible to determine the extent of cell death for every concentration of MTX tested and extrapolate the concentration of MTX exposure leading to 50% cell death of each cell line.
Syngeneic Transplantation of OPCs eGFP (C57BL/6-Tg(CAG-EGFP)1Osb/J) mice (The Jackson Laboratory) on a CD57/BL6 background were bred with CD1 mice to produce animals that were syngeneic with the juvenile MTX or PBS treated mice used in this study. P6-8 GFP + mice were used to sort PDGFRa + cells by FACS from the frontal cortex (see above). Sorted GFP + /PDGFRa + cells were immediately stereotactically transplanted unilaterally into deep cortical M2/cingulum of the corpus callosum (A-P: +0.7 mm; M-L: 0.9 mm; D-V: À2.0 mm) of previously treated MTX or PBS animals at P63 (four weeks post-treatment). Cells were injected at a concentration of 20,000 cells/ml. Cells were allowed to engraft for 10 days before animals were transcardially perfused (see above).
Behavioral analysis CatWalk
To investigate the effect of juvenile chemotherapy exposure on motor output, the CatWalk gait analysis system (Noldus, Netherlands) was used. To ensure consistent running, mice were acclimated to handling for several weeks before recording, and all tests were run in a dark room. Animals were tested four weeks (P63) after the cessation of the chemotherapy treatment paradigm previously described. No behavioral training on the CatWalk apparatus was performed. Behavioral testing was performed during the light cycle in a dark room with red light. Four successful runs (with success being characterized by variation under 60%, lasting no more than 5 s, and consistent movement) were processed with the CatWalk XT 9.0 software. Our previous work suggests that swing speed, as a sensitive measure of motor system function, is selectively altered if myelination is affected within the premotor circuit. We did not expect to see a difference in stride length. In this study, only the following parameters were analyzed:
Swing speed: the speed (cm/s) of the paw during limb swinging. Swing speed was calculated as the average of the left and right forepaw swing speeds.
Stride length: the distance (cm) between successive placements of the same paw. Calculation of stride length is based on the X-coordinates of the center of the paw print of two consecutive placements of the same paw during maximum contact of the paw with the glass floor. Open Field test Social anxiety was analyzed using a modified version of the open field test that focused on an animal's willingness to explore objects placed in the center of an open field. All mice were exposed to the same MTX/PBS paradigm at P21-35 as described above. Animals were handled at P62 for 10 min. After handling, the mice were placed in the experimental chamber to acclimate for 20 min. The experimental chamber was 61cm x 61cm x 61cm made of opaque Plexiglas. A camera was mounted 115 cm above the chamber to record the animal's behavior. The test was conducted during the animal's light phase, in a dark room with only red light.
On the day of testing (P63) the mice were handled for two min, and then placed in the experimental chamber with two identical Lego objects (of approx. 5 cm in height). The mouse was allowed to explore the arena for 5 min. After the testing was completed the mice were weighed, as a measure of health, to allow the groups to be compared. The camera footage was then analyzed (using CowLog analysis software). The animal's willingness to explore the center of the arena with the objects was assessed.
Novel Object Recognition Test
Cognition was analyzed using a modified version of the novel object recognition task (NORT) that focused on the attentional component of the task. The test was modified so that the duration between the training and testing phase was shortened, this was to ensure that the test placed a greater cognitive load on short-term memory, attention and frontal lobe function rather than long-term memory and hippocampal function. All mice were exposed to the same MTX/PBS paradigm at P21-35 as described above. Animals were handled daily for the week leading up to the test for 2 min. After handling, the mice were then placed in the experimental chamber on P62 or P202 to acclimatize for 20 min prior to testing on P63 or P203, respectively. The set up consisted of an opaque Plexiglas experimental chamber 61cm x 61cm x 61cm, and a camera mounted 115 cm above the chamber. The test was conducted during the animal's light phase, in a dark room illuminated with only red light.
On the day of testing (P63 or P203) the mice were handled for 2 min and then placed in the chamber to acclimate for 20 min before being returned to the home cage for another 5 min. Mice were then placed in the experimental chamber with two identical Lego objects (of approx. 5 cm). Each time the mouse was placed into the chamber, the mouse was facing the opaque wall, with the animal's tail in the direction of the objects. During the training phase, the mouse was allowed to explore the identical objects for 5 min. The mouse was once again returned to the home cage for 5 min and the experimental chamber and the objects were cleaned with 70% ethanol. During this time, one cleaned object from the sample phase was placed back into the experimental chamber along with a new Lego object (of approx. 5 cm) for the novel object phase. During the testing phase, the mouse was returned to the experimental chamber and allowed to explore for 10 min.
The objects used as novel and familiar were counterbalanced, as was the position of the novel object from trial to trial, animal to animal. All of the Lego objects used in the behavioral paradigm were piloted to ensure that there was no bias, or object preference for the animals. The camera footage was then analyzed (using CowLog analysis software), and any exploratory head gestured within 2 cm of the Lego object, including sniffing and biting were considered object investigation, but not sitting on the object, or casual touching of the object in passing (Leger et al., 2013) . Only animals that explored the objects for a minimum of 20 s for P63 or 10 s for P203 were included in the analysis. After the testing was completed the mice were weighed, as a measure of health, to allow the groups to be compared. The Recognition Ratio was determined by taking the ratio of the amount of time spent investigating one object compared to the total time spent investigating both objects (i.e., time spent with Novel Object / (time spent with Novel Object + time spent with Familiar Object)).
Microfluidic qRT-PCR
Total RNA was extracted from immunopanned cells using the RNeasy Plus kit (QIAGEN) and cDNA synthesis performed using the High-Capacity RNA-to-cDNA Kit (Applied Biosystems) according to supplier protocols. We designed primers using NCBI primer blast software (http://www.ncbi.nlm.nih.gov/tools/primer-blast/) and selected primer pairs with least probability of amplifying nonspecific products as predicted by NCBI primer blast. We tested the specificity of the primer pairs by PCR with rat and mouse whole-brain cDNA (prepared fresh), and examined PCR products by agarose gel electrophoresis. For microfluidic qRT-PCR, 1.25 mL of each cDNA sample was pre-amplified using 2.5 mL of 2x Taqman pre-amplification master mix (Applied Biosystems) and 1.25 mL of the primer pool (0.2 pmol each primer/mL). Pre-amplification was performed using a 10 min 95 C denaturation step and 14 cycles of 15 sec at 95 C and 4 min at 60 C. Reaction products were diluted 1:5 in TE Buffer (Teknova). Five microliters from a sample mix containing pre-amplified cDNA and amplification Master mix (20 mm MgCl2, 10 mm dNTPs, FastStart Taq polymerase, DNA binding dye loading reagent, 50 3 ROX, 20 3 Evagreen) was loaded into each sample inlet of a 96.96 Dynamic Array chip (Fluidigm) and 5 mL from an assay mix containing DNA assay loading reagent, as well as forward and reverse primers (10 pmol/ mL) was loaded into each detector inlet. The chip was then placed in the NanoFlexTM 4-IFC Controller (Fluidigm) for loading and mixing. After loading, the chip was processed in the BioMarkTM Real-Time PCR System (Fluidigm) using a cycling program of 10 min at 95 C followed by 40 cycles of 95 C for 15 sec and 60 C for 30 sec and 72 C for 30 sec. After completion of qPCR, a melting curve of amplified products was determined. Data were collected using BioMarkTM Data Collection Software 2.1.1 build 20090519.0926 (Fluidigm) as the cycle of quantification (Cq), where the fluorescence signal of amplified DNA intersected with background noise. Data were corrected for differences in input RNA using the geometric mean of the reference gene Rplp0. Data preprocessing and analysis was completed using Fluidigm Melting Curve Analysis Software 1.1.0 build 20100514.1234 (Fluidigm) and Real-time PCR Analysis Software 2.1.1 build 20090521.1135 (Fluidigm) to determine valid PCR reactions. Invalid reactions were removed from later analysis. All primer sequences for rat and mouse were used previously  see Table S2 ).
Standard qRT-PCR
Total RNA was extracted and cDNA synthesized as above. Quantitative RT-PCR was run using 2 mL cDNA and SYBR green chemistry (Applied Biosystems/ThermoFisher Scientific) using supplier protocol and a cycling program of 2 min at 95 C followed by 40 cycles of 95 C for 3 sec and 60 C for 30 sec on a Mastercycler epgradient S (Eppendorf). After completion of qPCR, a melting curve of amplified products was determined. Data were collected using a Mastercycler ep realplex v2.2 (Eppendorf). All primer sequences for rat and mouse were used previously  see Table S2 ).
Depletion of microglia using PLX5622 PLX5622, an inhibitor of colony-stimulating factor 1 receptor, was administered to mice ad libitum from P38-63. PLX5622 was provided by Plexxikon Inc. (Berkeley, CA) and formulated in AIN-76A standard chow with 1,200 mg of PLX5622 by Research Diets Inc. Animals then underwent behavioral testing using the NORT or perfusion for immunohistochemical analysis, transmission electron microscopy analysis, or RNAScope analysis as described above.
QUANTIFICATION AND STATISTICAL ANALYSIS
For fluorescent immunohistochemistry of mouse tissue, total number of PDGFRa + only, PDGFRa + /Olig1 nuclear , Olig1 perinuclear , CC1 + , EdU + /PDGFRa + , CD68 + /Iba1 + , cleaved caspase-3 + cells were quantified by a blinded rater for all 5 frames/animal (taken at 200X). Cells were considered co-labeled when they co-localized on the same plane. The density of cells was determined by dividing the total number of cells quantified for each lineage by the total volume of the imaged frames (mm 3 ). For transplantation of syngeneic PDGFRa + cells, 30-50 GFP + cells/animal were counted in the corpus callosum and assessed for co-localization with PDGFRa + , PDGFRa + /Olig1 + , and Olig1 + . Only GFP + cells distant from the needle tract and within the corpus callosum were quantified to avoid any confounding inflammatory effects of activated microglia in response to the needle stick injury.
All statistical analyses were conducted using GraphPad Prism statistical software, including Tests of Normality. For density of PDGFRa + with and without EdU, PDGFRa + /Olig1 nuclear , Olig1 perinuclear , CC1 + , CD68 + /Iba1 + , cleaved caspase-3, corpus callosum volume measures, g-ratios, behavioral tests, and syngeneic transplantation of GFP + cells group mean differences were assessed using unpaired, two-tailed Student's t tests. For microglia and astrocyte reactivity states 2-way ANOVA with post hoc analyses were used to assess main group differences. For analysis of the effect of PLX5622 chow on microglial and oligodendroglial cell densities and astrocyte reactivity, 2-way ANOVA plus Tukey post hoc analyses or 1-way ANOVA were performed. For assessment of Olig2 immunohistochemistry in human samples, paired t tests were used. For parametric data, ANOVAs were run with post hoc analyses. For nonparametric data, Mann-Whitney statistical tests were implemented. A level of p < 0.05 was used to designate significant differences.
DATA AND SOFTWARE AVAILABILITY
Data Resources
Raw data are available through Mendeley Data: https://doi.org/10.17632/wjhdwcrgct.1.
Cell 176, 43-55.e1-e8, January 10, 2019 e8 Figure S1 . Methotrexate Tissue Concentrations and Cellular Sensitivities, Related to Figure 2 (A) Serum and tissue concentrations of methotrexate 30 min following a single 100 mg/kg i.p. dose of MTX, determined using LC-MS/MS. Dots represent individual mice (n = 5). The purple shaded region represents the range in serum concentrations detected in children following a single high-dose, 6-hr infusion of MTX (Bratlid and Moe, 1978) . Data shown as mean ± SEM. (B-F) MTX IC 50 curves for various cell populations. Purple bars represent MTX concentrations achieved in the mouse brain following a single 100 mg/kg i.p. injection of MTX. n = 3 wells for each data point. (B and C) PDGFRa + cells were isolated from P6-8 mice using FACS and exposed to various MTX concentrations for 24 hr (B) or 48 hr (C) . The 24-hr IC 50 for mouse PDGFRa + cells was 140.4 nM. (D and E) 48-hr MTX IC 50 > 1 mM for patient-derived high-grade glioma cultures, pediatric cortical glioblastoma (SU-pcGBM, D) and diffuse intrinsic pontine glioma (SU-DIPG IV, E). (F) 48-hr MTX IC 50 for neural precursor cells (NPC) derived from mouse brain is 12.4 nM. Figure S3 . Myelin and Behavioral Changes after Methotrexate, Related to Figure 3 (A and B) High-magnification photomicrographs of myelin basic protein (MBP; green) in the corpus callosum of PBS-(A) and MTX-(B) exposed mice at P63. Scale bar, 20 mm. (C) Average g-ratio of premotor circuit axons as they enter the cingulum of the corpus callosum in P63 PBS (0.7465 ± 0.005; n = 5) and MTX (0.8014 ± 0.0079; n = 8) exposed mice four weeks following treatment (p = 0.0003). (D and E) Catwalk gait analysis was used to assess motor performance in mice at P63 following PBS or MTX exposure. MTX-exposed mice exhibit decreases in forepaw swing speed (D; p = 0.0067) with no observed alterations to stride length (E; p = 0.2986; n = 9 mice PBS, n = 6 mice MTX). (F) Anxiety following chemotherapy exposure was assessed using an open-field test at P63 (p = 0.0082; n = 12 mice PBS, n = 10 mice MTX). (G) Average g-ratio of premotor circuit axons as they enter the cingulum of the corpus callosum in P203 PBS-(0.7073 ± 0.004; n = 4) and MTX-(0.7697 ± 0.007; n = 4) exposed mice 6 months following treatment (p = 0.0003). Data shown as mean ± SEM, n.s. = p > 0.05, **p < 0.01, ***p < 0.001 by unpaired two-tailed Student's t test. Figure S4 . OPC Purity Validation for FACS Isolation Strategy, Related to Figure 4 Photomicrograph of cultured PDGFRa + cells (green) sorted by FACS. Sort purity for PDGFRa + cells is 98.03%, with very few Iba + microglial cells (red). DAPI (blue); Scale bar, 50 mm. Figure S5 . Astrocyte Reactivity and Myelinated Axon Microstructure following Methotrexate Exposure and Microglial Depletion, Related to Figure 7 (A) Confocal photomicrographs of Cxcl10 puncta (green) in Glast + astrocytes (red) in PBS-and MTX-exposed mice with and without PLX5622; Scale bar, 20 mm. (B) Microglial depletion (PLX5622) rescues myelin deficits in mice exposed to juvenile MTX in small (< 0.5 mm; p < 0.0001) and medium (0.5 mm-1.0 mm; p = 0.0084) caliber axons but not completely in large caliber axons (> 1.0 mm; p = 0.06) compared to MTX-control mice. PBS-control n = 3 mice; MTX-control n = 3 mice; PBS-PLX5622 n = 5 mice; MTX-PLX5622 n = 3 mice. (C) Average axon diameter in MTX and PBS mice with or without microglial depletion, measured at P63. Data shown as mean ± SEM, n.s. p > 0.05, **p < 0.01, ***p < 0.001 by two-way ANOVA with Tukey post hoc testing.
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